Objectives: Myofibroblasts (myoFb) are the major cell types that appear at the site of myocardial infarction (MI) in response to injury and play a vital role in tissue repair/remodeling. Since vascular endothelial growth factor (VEGF) plays a crucial role in the infarcted/ischemic heart, we hypothesized that activation of the peroxisome proliferator-activated receptor (PPAR)-γ by its agonists induces VEGF expression while simultaneously decreasing inflammation (NF-κB). Such an increase in myoFb VEGF expression by PPAR-γ agonists may play a role in angiogenesis. Methods: Rat myoFb were treated with PPAR-γ agonists and VEGF expression was measured by ELISA. The effect of these agonists on VEGF receptors was determined by qRT-PCR and flow-cytometric analysis. VEGF produced by these cells was also used for analysis of in vitro tubule formation (Matrigel assay). Results: The PPAR-γ activators troglitazone (TZ) and 15-deoxy-prostaglandin J2 (15J2) induced the expression of VEGF and its receptors (Flt-1 and KDR) in myoFb. TZ and 15J2 elicited a significant increase in the expression of KDR (14.7 ± 1.0% and 9.6 ± 2.1% respectively) and Flt-1 (24.5 ± 2.0%, and 14.0 ± 2.2% respectively) when compared to untreated myoFb. MyoFb treated with PPAR-γ agonists increased extracellular VEGF, augmenting tubule formation on a Matrigel. The PPAR-γ activator 15J2 significantly decreased the NF-κB activity in myoFb. Conclusion: This study demonstrates the induction of the VEGF accompanied by a reduction of NF-κB activity (inflammatory signaling) by PPAR-γ agonists in cardiac myoFb. These results may further the understanding of the beneficial effects of PPAR-γ agonists on infarcted tissue repair and angiogenesis.
Introduction
Myofibroblasts (myoFbs) appear in response to injury and are widely recognized as a critical cell type involved with wound healing and tissue repair in heart tissue. These cells, isolated from the site of myocardial infarction (MI), have morphological features of both fibroblasts (vimentin positive) and smooth muscle cells (α-smooth muscle actin positive) [1] [2] [3] [4] . Studies from our group demonstrated that the myoFbs isolated from the site of MI are known to produce various pro-remodeling cytokines (angiotensin II, endothelin-1 and TGF-β 1 ) [1] [2] [3] and angiogenic factors such as VEGF and its receptors [5] . VEGF (also referred to as VEGF-A) and its receptors (VEGFR1 or Flt-1, VEGFR2 or KDR/Flk-1) are known to be key regulators of angiogenesis/ vasculogenesis following injury or ischemia. VEGF is a potent mitogen for endothelial cells, which under various physiological and pathological conditions, elicits an angiogenic [6, 7] and anti-apoptotic response in a wide range of in vivo models [8] including MI [9] . VEGF binds with high affinity to tyrosine kinase receptors Flt-1 and KDR, activating distinct signal transduction pathways [8, 10] . Among them KDR plays a major role in the VEGF mediated angiogenesis [8] . Previous studies have demonstrated several beneficial effects of VEGF treatment on the ischemic or infarcted heart [9, 11, 12] . However, the cellular mechanisms are unclear and it is necessary to understand whether or not PPAR-γ agonists induce VEGF production in myoFb, thus promoting the angiogenic mechanisms at the site of MI. A growing body of evidence clearly indicates that pharmacological activators of closely related nuclear receptors, called peroxisome proliferator-activated receptors (PPARs), are known to inhibit the inflammatory mechanisms and improve the ischemic conditions of the heart [13] [14] [15] [16] [17] . PPARs (PPAR-α, PPAR-β/δ, and PPAR-γ) are a ligandactivated superfamily of nuclear transcription factors differentially expressed in most tissues [17] . PPAR-γ is a key regulator of adipogenesis and glucose homeostasis. Ligands of PPAR-γ include prostaglandin derivatives such as 15J2 and glitazones, insulin-sensitizing drugs presently used to treat patients with type-2 diabetes. Among the three different forms of PPARs, studies have well established the non-metabolic role of PPAR-γ in cardioprotective mechanisms in response to various pathological events in the heart [18] . Activation of PPARs by agonists can result in reduction of infarction size (18, 19, 21) , decrease in inflammation [17, 19, 20] , improvement in vasodilation [21] , and decrease in left ventricular hypertrophy [22, 23] . Additionally, previous studies have suggested that PPAR-γ activators induce heightened expression of VEGF and angiogenesis in both in vitro and in vivo models [24] [25] [26] . Accordingly, it was hypothesized that PPAR-γ agonists induce expression of key angiogenic factors such as VEGF and its receptors in myoFb. Such an increase in cardiac myoFb VEGF expression by PPAR-γ activators may initiate the angiogenic response at the site of MI.
Previous in vitro studies using vascular smooth muscle cells as well as macrophages suggest administration of PPAR-γ agonists results in increased VEGF expression, potentially stimulating angiogenesis [24, 27] . Our laboratory recently published findings demonstrating expression of VEGF and its receptors [5] by myoFbs isolated from the site of MI, suggesting that the presence of these cells at the site of infarction may play a role in the initiation of the angiogenic process at the site of repair. The present study was designed to investigate whether PPAR-γ agonists promote VEGF and its receptor expression and simultaneously inhibit the inflammatory NF-κB pathway activity in myoFbs isolated from the site of MI.
Materials and methods
VEGF, Flt-1 and KDR antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The PPAR-γ agonist Troglitazone (TZ), 15-deoxy-prostaglandin J2 (15J2), and GW 9662 (PPAR-γ antagonist) were acquired from Chemicon (Temecula, CA). Antibodies for PPAR-γ were obtained from Alexis (San Diego, CA). VEGFR tyrosine kinase-inhibitor known as 4-[(4′-chloro-2′-fluoro) phenylamino]-6, 7-dimethoxyquinazoline (Calbiochem, San Diego, CA) was used in this study.
2.1. Dual Labeling of MI heart and myoFb with α-actin and VEGF or PPAR-γ MyoFb grown (30% confluent) on cover slips or dissected heart tissue was fixed with 2-4% paraformaldehyde. Tissues were cryoprotected with 30% sucrose in phosphate buffer, and embedded and sectioned 5 μ thick on a cryostat. All antibodies (α-actin; VEGF, PPAR-γ FITC Donkey Mouse IgG; Rhodamine Red X) were diluted (1:100) and dual labeled according to standard immunofluorescence protocol from Jackson ImmunoResearch Laboratories (West Grove, PA).
Cell culture
Myocardial infarction was created in 8-12-week-old male Sprague-Dawely (Harlan, IN, USA) rats according to animal use and care guidelines of laboratory animals by National Institutes of Health (NIH Publication No. 85-23, revised 1996) and the institutional animal use and care committee (Brody School of Medicine, East Carolina University) approved animal use protocol. We have established a standard protocol for the isolation and characterization of primary cultures of myoFb from adult rat heart isolated from 28 day post-MI tissues using the previously described method [1] [2] [3] 5] . Eighty percent grown cells were incubated in low serum (0.4% FBS) DMEM and then cells were pretreated with or without GW 9662 (PPAR-γ antagonist) for 30 min prior to addition of PPAR-γ agonists, TZ (10 μM) or 15J2 (5 μM).
Western blot
Mouse liver extract (40 μg protein/lane) and protein samples (40 μg/well) were electrophoresed on 4-12% SDS-polyacrylamide gels under reducing conditions. Standard immunoblotting method was used to probe for PPAR-γ [5] .
Flow cytometry
The myoFb (1× 10 6 cells/plate) were treated with PPAR-γ agonists (TZ and 15J2) for 24 h in low serum (0.4% FBS) containing DMEM. Cells were trypsinized and centrifuged at 600 rpm for 5 min at 4°C and then cell pellets were washed with cold PBS. MyoFb were incubated in growth medium at least 6 h. After incubation myoFb were fixed in PBS containing 2% paraformaldehyde for 10 min at room temperature and subsequently washed with cold PBS three times. The cells were incubated with Flt-1 or KDR (1:100 dilutions) antibody for 1 h on ice and followed by FITC-conjugated affinitypurified anti-rabbit antibody (1:100 dilutions) for 30 min. The cells were analyzed in a FACScan flow cytometer.
Electrophoresis Mobility Shift Analysis (EMSA)
Myofibroblasts were treated with PPAR-γ agonists (TZ and 15J2) for 3 h and nuclear proteins were isolated using Active Motif nuclear extraction kit. EMSA and NF-κB activity assays were done according to Promega and Panomics (Panomics NF assay kit; cat # EK1010) recommended protocols.
In vitro angiogenesis assay
The formation of capillary tube-like structures by human microvascular endothelial cells (HMVEC-d; cc-2543, Clonetics, Walkersville, MD, USA) was analyzed on tumorderived basement membrane matrix (Matrigel, Discovery labware, Bedford, MA, USA) as per earlier protocols [28] . HMVEC-d cells were trypsinized, resuspended in growth medium, and centrifuged at 400 ×g, 10 min, + 4°C. The cells were washed again in 10 ml of DMEM. These cells (1 × 10 4 ) were resuspended in 100 μl of DMEM containing 2% FBS, DMEM containing 2% FBS and 5 ng/ml of VEGF, (R and D Systems, Inc., Minneapolis, MN), or DMEM containing 2% FBS, 5 ng/ml of VEGF, and 50 nM of VEFGR inhibitor (4-[(4′-chloro-2′-fluoro) phenylamino]-6, 7-dimethoxyquinazoline; Calbiochem, San Diego, Calif.) and were seeded into respective Matrigel-coated wells. The test samples included the conditioned medium (CM) obtained from cells that were treated with PPAR-γ agonist. CM refers to medium (DMEM containing 2% FBS) collected 24 h post culturing cells. In another set of experiments, HMVEC-d cells were cultured on a Matrigel in test samples supplemented with Table 1 . PPAR-γ agonists treatment increase the PPAR-γ activity in myoFb (C, n = 4 in duplicates). TZ (10 μM) and 15J2 (5 μM) treated myoFb significantly increased the VEGF expression after 24 h of incubation (D (n = 4) and E (n = 4)). ⁎ Represents significant difference between control vs. treatment ( ⁎ p b 0.02) or 12 h VEGF vs 24 h VEGF ( ⁎ p b 0.001). GW represents PPAR-γ antagonist GW9662. 50 nM of VEFGR inhibitor. Finally, to rule out the possibility of the residual effect of PPAR-γ agonists dissolved in CM directly on the tubule formation, we cultured HMVEC-d cells in DMEM containing 2% FBS supplemented with PPAR-γ agonists that were incubated for 24 h in the same incubator from where the test samples were derived. These cells were incubated for 3 h at 37°C prior to adding the above mentioned test samples. After 16 h incubation at 37°C, the cells were labeled with calcine AM (Invitrogen) as per the manufacturer's recommendations. Endothelial tubule formation by the cells was observed under an Olympus IMT-2 inverted microscope and tubular structures were scored by counting the number of tubules in each well. The tubules shorter than 100 μm were excluded from the measurement [28] .
VEGF ELISA
Serum starved sub-confluent myoFbs were pre-treated with TZ (5 μM, 10 μM, 20 μM), 15J2 (2.5 μM, 5 μM, 10 μM), and incubated for different time periods (12 h, 24 h and 48 h) in media which was serum free or contained 2% FBS. MyoFb also treated with 18 μM of NF-κB peptide inhibitor (CalBiochem USA) or VEGFR inhibitor (50 nM) with and without PPAR -γ agonists for 24 h. Collected media was used in ELISA. The assay was conducted according to manufacturer recommended protocol (Minneapolis, MN, USA).
cDNA synthesis, PCR and qRT-PCR
Analysis of β-actin mRNA expression by qRT-PCR was performed utilizing a smart cycler real-time PCR (Cepheid, Sunnyvale, CA, USA). RNA isolation, KDR and Flt-1 sequences, analysis method and qRT-PCR conditions were adapted from our previously published methods [5] . cDNA synthesis and PCR was done according to SuperScript™ II kit and High fidelity PCR amplification kit (Invitrogen, Carlsbad, CA) recommended protocols, respectively.
Statistical analysis
Results are reported as mean ± S.E.M. for a minimum of 3-6 determinations each of which was performed either in duplicate or triplicate. Statistical analysis was performed using one-factor ANOVA, with P b 0.05 being considered significant.
Results

PPAR-γ expression in myoFb by PCR and Western blot
After 24 h incubation of myoFb in serum deprived medium, total protein and RNA were isolated and analyzed using Western blot and PCR, respectively. Results from both RT-PCR (Fig. 1A) and Western blot (Fig. 1B) demonstrate the expression of PPAR-γ by myoFb isolated from the site of MI. Ten micro molar TZ and 5 μM 15J2 treated myoFb produce highest VEGF after 24 h of incubation ( Fig. 1D and E) .
PPAR-γ agonists induce PPAR-γ activity in myoFb
The influence of PPAR-γ agonists (TZ and 15J2) on PPAR-γ activity was determined using PPAR-γ activity assay kit (Panomics, Redwood City, CA). Results clearly indicated that TZ (0.028 ± 0.005) and 15J2 (0.023 ± 0.001) significantly induced PPAR-γ activity when compared to control (0.008 ± 0.002) (Fig. 1C) . GW9662 does not completely antagonize the 15J2 or TZ induced PPAR-γ activity even at higher doses (data not shown) in myoFb, suggesting antagonistic properties of GW9662 may be cell specific. This data (Fig. 1C) clearly demonstrate that up-regulation of PPAR-γ activity by these agonists.
MyoFb express PPAR-γ at site MI and in culture
Dual immuno-labeling of MI heart tissue or myoFb in culture showed positive staining for α-SMA (positive for myoFb) and VEGF or PPAR-γ for myoFb at the site of MI and in culture ( Fig. 2A, B and C) . Whereas, sham operated heart did not show any positive staining for α-SMA (myoFb) except blood vessels, suggesting that there are no myoFb present in normal heart ventricles. This immunostaining data (for myoFb both at site MI and in culture) further supports our hypothesis that myoFb express PPAR-γ both in vitro and in vivo and plays a key role in repairing/remodeling mechanisms by producing angiogenic factors in response to PPAR-γ agonist treatment.
PPAR-γ activation increases mRNA expression of KDR and Flt-1
The qRT-PCR results show TZ and 15J2 elicited an increase in the mRNA expression of KDR (140% ± 20 and 100% ± 8.5 respectively) and Flt-1 (110% ± 10 and 80% ± 14 respectively) in myoFb when compared to untreated controls (Fig. 3A) . The qRT-PCR results also show that PPAR-γ antagonist (GW9662) treatment decreased PPAR-γ agonists induced Flt-1 (TZ: 40.5 ± 10.2; 15J2: 130.2 ± 5.1) and KDR (TZ: 60.1 ± 8.0; 15J2: 40.0 ± 5.0) expression in myoFb (Fig. 3A) .
PPAR-γ activators induce the expression of KDR and Flt-1
To determine the effects of activation of PPAR-γ on Flt-1 and KDR, cultured myoFb were incubated with PPAR-γ agonists TZ (10 μM) and 15J2 (5 μM). The expression of the cell surface receptors was subsequently measured using flow cytometry. The results (Fig. 3B) show that TZ and 15J2 elicited a significant increase in expression of KDR (14.7 ± 1.0% and 9.6 ± 2.1% respectively) and Flt-1 (24.5 ± 2.0%, and 14.0 ± 2.2% respectively) when compared to untreated controls (4.0 ± 0.31% and 7.6 ± 0.5% for KDR and Flt-1, respectively). Data from four independent experiments (untreated control vs. treated ⁎ p b 0.001, ⁎⁎ p b 0.001) showing the effects of TZ and 15J2 on KDR and Flt-1 expression in myoFb, respectively (n = 4).
Activated PPAR-γ increases VEGF
Media from treated myoFbs was subjected to ELISA to measure protein levels of VEGF. Treatment with TZ and 15J2 in media with 2% FBS resulted in a 174.6 ± 22.8 (pg/ml) and 223.1 ± 32.2 (pg/ml) increase in VEGF expression compared to control (94.3 ± 11.2 pg/ml), respectively (Fig. 4A) . Specific NF-κB peptide inhibitor treatment significantly decreased the 20% FBS induced of VEGF expression in myoFb, suggesting that involvement of NF-κB dependent mechanisms in VEGF expression in myoFb. Surprisingly, NF-κB treatment along with TZ or 15J2 does not significantly decrease the VEGF expression by TZ (166.6 ± 18.2 pg/ml) or 15J2 (210.6 ± 26.4 pg/ml) in these cells, indicating that PPAR-γ induced VEGF expression is independent of NF-κB pathway (Fig. 4A) . The VEGFR treatment significantly decreased the TZ (117.2 ± 18.9) and 15J2 (140.1 ± 17.1) induced VEGF expression compared 15J2 or TZ in myoFb, suggesting that VEGFR signaling is required for PPAR-γ induced VEGF expression in these cells (Fig. 4B) .
PPAR-γ agonists induced angiogenesis
We tested the ability of the conditioned medium obtained from myoFbs treated with PPAR-γ agonists (TZ and 15J2) to mediate tubule formation on a Matrigel as per earlier protocols [28] . HMVEC-d cells cultured on a Matrigel using CM obtained from myoFbs treated with PPAR-γ agonist (TZ and 15J2, respectively) significantly induced angiogenic tubule formation (Fig. 5C and D) . Similar results were obtained when cells were grown in DMEM containing 2% FBS and VEGF (Fig. 5B) . On the contrary, angiogenic tubule formation was less pronounced in cells that were grown in DMEM containing just 2% FBS (Fig. 5A) . Also, culturing cells directly in DMEM containing 2% FBS and supplemented with either TZ or 15J2 did not significantly alter the ability to form tubules suggesting a specific role for the agonist-induced VEGF in the CM for the angiogenesis (Fig. 5G) . Interestingly, VEGFR inhibitor treated-HMVEC-d cells cultured using CM obtained from TZ and 15J2 treated myoFb supported a significantly lesser number of tubules/ well ( Fig. 5E and F) . Identical results were observed when VEGFR inhibitor treated cells were grown in either DMEM containing 2% FBS and VEGF, or CM (Fig. 5G) . DMSO, the vehicle for the VEGFR inhibitor did not alter the ability of HMVEC-d cells to support tubule formation, suggesting the specificity of the inhibitor (data not shown). Overall, our results suggest a role for the PPAR-γ agonists-induced VEGF to mediate angiogenesis in these cells. 
Regulation of NF-κB activity by PPAR-γ
We analyzed the NF-κB activity in TZ and 15J2 treated myoFb nuclear protein using EMSA. EMSA results demonstrate decreased activity of NF-κB resulting from treatment with 15J2 (Fig. 6A) . Similar results were found when NF-κB activity was measured with ELISA kit (Fig. 6B) . The decrease in the levels of inflammatory cytokines, pro-remodeling cytokines or NF-κB activity has been shown to have a beneficial effect on ischemic/infarcted heart.
Discussion
Troglitazone (TZ) and 15J2 are identified as ligands for PPAR-γ and are known to activate the PPAR-γ mediated signaling mechanisms. Emerging evidence clearly indicates that the PPAR-γ regulatory pathways play a critical role in the regulation of a variety of biological processes within the cardiovascular system. Several reports have demonstrated the beneficial role of PPAR-γ agonists in myocardial ischemia-reperfusion injury of the heart and hypertrophy [14, 18, 22] . PPAR-γ agonists have been shown to suppress the expression of pro-inflammatory cytokines (TNF-α, IL-1ß, TGF-β1, MMP-9 etc.) and improve the left ventricular function in myocardial infarction. Previous studies have demonstrated that VEGF treatment or abrogation of NF-κB pathway protects the heart from ischemic injury/inflammation or MI. Although cardiac myoFbs are known to play a major role in repair/ wound healing mechanisms following ischemic injury/MI [19] , nothing is known about their role in PPAR-γ agonist mediated cellular mechanisms. We were particularly interested in understanding the effect of PPAR-γ agonists on the expression of VEGF, its receptors, and the inflammatory NF-κB pathway activity in myoFb.
As stated above, myoFb are wound-healing cells found at the site of injury and have phenotypic characteristics of both smooth muscle cells as well as fibroblasts [1, 2, 30, 31] . Our recent report also suggests that these cells may play a potential role in angiogenesis due to their ability to express VEGF [5] . VEGF is activated in response to various physiological and pathological conditions [8, 32] . PPARs have recently received increased attention with regard to cardioprotective mechanisms by modulating such pathologic entities as hypertrophy, apoptosis, and inflammation [13, 14, 16, 19, 20, 22, 23, 33] . However, the role of PPARs in angiogenesis has yet to be fully elucidated. Our results suggest that the activation of PPAR-γ by its agonists in the cultured myoFb will induce the expression of proangiogenic mediators, such as VEGF and its receptors Flt-1 and KDR.
The first objective of this study was to determine the effects of PPAR-γ agonists TZ and 15J2 on expression of Flt-1 and KDR in myoFb. As determined by flow cytometry, myoFb incubated with TZ and 15J2 resulted in significant increases in Flt-1 and KDR. Our results corroborate those of Cho et al. who found 12 h incubation of TZ with aortic endothelial cells resulted in increased expression of VEGF and KDR [24] . However, our results directly conflict with those found by Xin et al. in human umbilical vein endothelial cells (HUVECs) [34] . The investigators found that activation of PPAR-γ using 15J2 resulted in decreased expression of both KDR and Flt-1. Recently, Meissner et al. [35] reported that it was PPAR-α but not PPAR-γ agonists that inhibit the in vitro angiogenesis in HUVECs by decreasing KDR expression mechanisms. Even though Xin et al. [34] and Meissner et al. [35] employed similar type of cells (i.e., HUVEC), the results were contradictory. The reason for this kind of discrepancy in the literature on PPAR-γ agonists-induced expression of VEGF and its receptors could be due to variation in the experimental design, cell number and passage, and experimental conditions used in these studies. Hence, further research on the regulatory mechanisms of PPAR-γ on VEGF and its receptor is needed.
The second aim of this study was to ascertain the physiological relevance of PPAR-γ activation on the expression of VEGF in myoFb. Activation of PPAR-γ by TZ and 15J2 significantly increased the myoFb expression of VEGF, as measured ELISA, and in vitro angiogenesis assay. VEGFR inhibitor treatment along with PPAR-γ agonists significantly decreased the VEGF expression in myoFb, suggesting that PPAR-γ agonists' induced VEGFR expression may be required for VEGF expression in myoFb. However, further studies are required to understand how VEGFR is involved in VEGF expression in these cells.
It is currently unclear as to the mechanism by which PPAR-γ activation leads to increases in VEGF and KDR up-regulation. Cho et al. [24] suggested the up-regulation may be due to PPAR-γ activating additional transcription factors as opposed to direct PPAR-γ binding to the VEGF promoter, since it contains no PRE (promoter response element). NF-κB is a major inflammatory mediator and is activated in response to TNF, IL-1, LPS, virus, and UV and γ radiation [29] . In turn NF-κB signaling induces VEGF up-regulation [36] [37] [38] . Because NF-κB participates in inflammatory pathways mediated by VEGF, the current study analyzed the role of NF κB in PPAR-γ induced VEGF expression. Interestingly, our data suggests that VEGF expression by PPAR-γ agonists is independent of NF-κB signaling in myoFb. This further supports our hypothesis that activation of PPAR-γ using agonists in myoFb at the site of MI may decrease inflammatory mechanisms and initiate angiogenic response in surrounding endothelial cells by increasing the expression of VEGF. TZ and 15J2 are known to antagonize the inflammatory mechanisms in similar fashion. However, in this study, we found 15J2 (and not TZ) to inhibit NF-κB activity. This may be due to the inability of TZ to inhibit IκB kinase activity (IκB is essential for NF-κB activity). Similarly, Masamune et al. [39] also found 15J2 to inhibit NF-κB activity but not TZ. Such differences between the synthetic (TZ) and natural ligands (15J2) are said to exist [40] .
In conclusion, the present study demonstrates for the first time, the ability of PPAR-γ agonists to increase the expression of pro-angiogenic factors (VEGF and its receptors) while inhibiting the inflammatory pathway NF-κB activity in myoFb. These in vitro observations clearly suggest that PPAR-γ agonists induce VEGF expression in myoFb and may be participating in the repair/neovascualarization mechanisms at the site of MI. These findings are useful for further, understanding of the beneficial effects of PPAR-γ in myoFb mediated cardiac tissue repair following MI and inflammatory conditions of the heart.
